Metabolic cognitive syndrome is a condition when metabolic syndrome (MetS) can lead to deterioration of cognitive abilities. Cognitive skills include memory, spatial memory, learning, executive functions, attention, language skills (Frisardi et al., 2010) . MetS parameters such as obesity, dyslipidemia, hypertension, insulin resistance, inflammation, and oxidative stress may cause changes in the physiology that can affect cognition. The mechanisms responsible for this link are not clear. Mechanisms associated with systemic inflammation and inflammation in the nervous system, insulin resistance and oxidative stress in the brain, atherosclerosis, endothelial impairment and impaired capillary reactivity in the central nervous system, and abnormal lipid metabolism in the brain are discussed (Stoeckel et al., 2016) . Rosmarinic acid (RA) is a phenolic acid that is contained in several plants used in medicine, mainly belonging to the Laminaceae family. It has several physiological effects, such as antioxidant, anti-inflammatory, antiviral, antibacterial, antidepressant, anticarcinogenic, chemopreventive, and neuroprotective effects (Bhatt at al. 2013) . RA passes the blood-brain barrier through receptor-mediated transfer, combined with the ligand CRM197. RA then easily enters brain endothelial cells by endocytosis (Kuo and Rajesh, 2017). Recently, it was found that non-pharmacological approach such as changing diet Hippocampal electrophysiological responses and changes in oxidative stress marker and serum lipid profile to pharmacological and non-pharmacological treatments of high-fat-fructose diet induced metabolic syndrome
The aim of our study was to evaluate the possibility of influencing the risk factors of metabolic syndrome (MetS) and metabolic cognitive syndrome. As a model of MetS, we used high-fat-fructose diet (HFFD) fed hypertriacylglycerolemic (HTG) rats. Control group included HTG rats fed with HFFD during 8 weeks (HFFD8). Furthermore, we tested the effect of pharmacological and non-pharmacological therapies. Non-pharmacological therapy, which we chose, was a change in diet from HFFD (5 weeks) to standard one (3 weeks) and thus caloric restriction (HFFD5+3). The drug we used was rosmarinic acid (RA; 100mg/kg), which we administered to rats after 5 weeks of HFFD once a day for consecutive 3 weeks with current change in diet to standard one (HFFD5+3+RA) or during lasting last 3 weeks of HFFD (HFFD8+RA). After 8 weeks of experiment, lipid peroxidation markers, lipid profile of blood serum, and neuronal transmission and synaptic plasticity (long-term potentiation [LTP]) in hippocampal sections were evaluated in vitro. We observed a significant effect of dietary change in lipid profile (decreased total cholesterol and lowdensity lipoprotein cholesterol [LDL-cholesterol] and increased high-density lipoprotein cholesterol [HDL-cholesterol]). The combination of pharmacological and non-pharmacological treatments caused a decrease in total cholesterol, LDL-cholesterol, and lipid peroxidation in blood serum. Change in HFFD to standard diet without treatment resulted in slight improvement in neuronal transmission in the hippocampus and caloric restriction alone also had positive effect on LTP maintenance. Our results suggest that combination of pharmacological and non-pharmacological approaches had better impact on the biochemical parameters of MetS in blood serum, but weak impact on neuronal functions in the hippocampus, where the expected positive effect was achieved only by caloric restriction.
habits or caloric restriction can reduce insulin resistance and increase physical fitness and overall metabolic health, which appears to reduce the risk for cardiovascular diseases (Grundy et al., 2013) .
MATERIAL AND METHODS

Experimental design
We At the beginning of the experiment, the animals were 10 weeks old. The animals had ad libitum access to food and water and light cycle 12/12 (12 hours dark, 12 hours light). We divided the animals into four groups: HFFD8 group: HTG rats were fed 8 weeks with modified diet (high-fat-fructose diet; HFFD); HFFD5+3 group: HTG rats were fed 5 weeks with HFFD and then 3 weeks with standard diet; HFFD8+RA group: HTG rats were fed 8 weeks with HFFD and last 3 weeks RA (100 mg/ kg) was administered to them; HFFD5+3+RA group: HTG rats were fed 5 weeks with HFFD and then 3 weeks with standard diet along with the administration of RA (100 mg/kg). RA was administered once a day on crackers. Pellets of modified diet contained 1% cholesterol, 7.5% pork lard, and 10% fructose.
Determination of oxidative damage
Malondialdehyde (MDA), as marker of lipid peroxidation, was determined by the double heating method of Drapper and Hadley (1990) . The principle of the method was spectrophotometric measurement of solution staining during the reaction of tertiary butyl alcohol with MDA.
Determination of lipid profile
Erba Lachema Ltd (Brno, Czech Republic) kits were used to determine the lipid profile from the blood serum. We measured the levels of total cholesterol, low-density lipoprotein cholesterol (LDL-cholesterol), and high-density lipoprotein cholesterol (HDL-cholesterol). Absorbance of the resulting colored compound was measured spectrophotometrically.
Electrophysiological measurement of neuronal function in rat hippocampus in vitro
Neurotransmission was determined by recording and digitizing electrically induced responses of hippocampus. We used artificial cerebrospinal fluid (ACSF) composed of 124 mmol/l of NaCl, 3.3 mmol/l of KCl, 1.25 mmol/l of KH 2 PO 4 , 2.4 mmol/l of MgSO 4 , 2.5 mmol/l of CaCl 2 , 26 mmol/l of NaHCO 3 , and 10 mmol/l of glucose and saturated with 95% O 2 + 5% CO 2 at a pH of 7.4. Hippocampal slices (400µm thick) were stimulated by bipolar stainless steel wire electrode. Electrically evoked responses were recorded using glass microelectrode filled with ACSF (3-5 MΩ) in the stratum radiatum of the rat hippocampus. We assessed the amplitude of excitatory postsynaptic potential (EPSP) as a measure of neuronal transmission. Long-term potentiation (LTP) was elicited by high-frequency stimulation (100 Hz, 1 s) and recordings continued next 40 min after train induction.
Statistical evaluation
The data were statistically evaluated using the GraphPad Prism6 Software (GraphPad, La Jolla, USA). Data were expressed as means ± standard error of the mean (SEM).
One-way analysis of variance (ANOVA) was used to evaluate the difference among all experimental groups (using the Bonferroni multiple comparison test). The limit of p<0.05 was considered as statistically significant difference.
RESULTS
Total cholesterol increased significantly in all groups after 5 weeks of HFFD. Changing the diet to standard caused a decrease in its levels, which is comparable to the pre-treatment values. HDL-cholesterol decreased after consumption of HFFD diet and had a tendency to increase again as a result of both pharmacological and non-pharmacological approaches as well as their combination, but the combination did not produce a further increase in the effect. LDL-cholesterol levels increased after 5 weeks of HFFD and decreased after changing diet as well as decreased in the HFFD5+3+RA group (Table 1) . Lipid peroxidation was determined by the increase in MDA in blood serum after 5-week consumption of HFFD in all 4 groups. The combination of pharmacological and nonpharmacological therapies resulted in a decrease in lipid peroxidation, but the values were still elevated compared to the original ones. A change in diet or RA treatment alone did not cause a significant improvement ( Figure 1A ). No change in lipid peroxidation was observed in the cortex ( Figure 1B) . During the recordings of electrically evoked responses in hippocampal slices in vitro, we found that diet change alone caused tendency to increase the amplitude of EPSP, ( Figure  2A ). LTP was damaged in HFFD8, HFFD+RA, and HFFD5+3+RA groups, whereas it persisted (134 ± 22%) in hippocampus of rats whose diet was changed to standard ( Figure 2B ).
DISCUSSION
MetS is a cluster of risk factors such as obesity, dyslipidemia, hypertension, oxidative stress, inflammation, elevated glucose levels, or insulin resistance. These metabolic disturbances can cause cognitive decline throughout several 
Figure 1: Markers of lipid peroxidation in (A) blood serum and (B) cortex (mmol/mg protein). HFFD, high-fat-fructose diet; HFFD8,
HTG rats fed 8 weeks with HFFD; HFFD5+3, HTG rats fed 5 weeks with HFFD and then 3 weeks with standard diet; HFFD8+RA, HTG rats fed 8 weeks with HFFD and during last 3 weeks of this diet treated with rosmarinic acid; HFFD5+3+RA, HTG rats fed 5 weeks with HFFD and then 3 weeks with standard diet and treated with rosmarinic acid; MDA, malondialdehyde. Data are expressed as means ± SEM; n = 10. **p<0.01 versus same group before the diet, ***p<0.001 versus same group before the diet, # p<0.05 versus same group after 5 weeks of diet.
Figure 2: Electrically induced responses from hippocampal slices expressed as (A) excitatory postsynaptic potential (EPSP) amplitude (mV) (stimulus intensity 6-10 V) and (B) Long-term potentiation (LTP) (normalized values)
. HFFD, high-fat-fructose diet; HFFD8, HTG rats fed 8 weeks with HFFD; HFFD5+3, HTG rats fed 5 weeks with HFFD and then 3 weeks with standard diet; HFFD8+RA, HTG rats fed 8 weeks with HFFD and during last 3 weeks of this diet treated with rosmarinic acid; HFFD5+3+RA, HTG rats fed 5 weeks with HFFD and then 3 weeks with standard diet and treated with rosmarinic acid. Data are expressed as means ± SEM; for (a) n = 17-24 hippocampal slices/10 rats/group; and for (b) n = 10 hippocampal slices/10 rats/group. ### p<0.001 versus HFFD5+3.
mechanisms. Our animal model was a combination of geneticand diet-induced MetS-like conditions. Metabolic changes of MetS can lead to the development of cardiovascular and cerebrovascular diseases, and it is, therefore, necessary to look for an appropriate method of intervention. In the present work, we tested the effect of pharmacological and non-pharmacological treatments and their combination on individual risk factors. Changing diet to standard caused decrease in total cholesterol levels almost to their original levels. HDL-cholesterol tended to rise again as a result of both pharmacological and non-pharmacological therapies. LDL-cholesterol levels were increased because of HFFD and decreased after caloric restriction. Changing the diet to standard reduced lipid peroxidation, and RA has multiplied this effect, but RA alone had no effect. No change in the oxidative stress marker MDA was found in rat brain cortex. Neuronal transmission was slightly improved in hippocampus by dietary change as well as LTP was retained in this group, but RA alone or its combination with caloric restriction did not cause any improvement in hippocampal function. In our study, we used three ways to ameliorate MetS components, that is, caloric restriction induced by changing HFFD to standard diet, pharmacological treatment with RA, and combination of both approaches. Caloric restriction is an effective therapeutic approach to improve metabolic state in the body. Caloric restriction associated weight loss decreases the accumulation of triacylglycerols (TAG) in tissues. It also causes decrease in adipose mass, oxidative stress, and inflammation, leading normalization of glucose homeostasis and lipid metabolism (Nikhra, 2018) . RA has several biological effects, such as antiviral, antibacterial, anti-inflammatory, antioxidant, and anticancer effects (Pettersen and Simmons, 2003) . RA promotes good endothelial and blood cell status and is also used to combat skin carcinogenicity as it can be absorbed through and stored in the skin, muscle, and bones (Osakabe et al., 2004; Ueda et al., 2003) . It is also absorbed from the gastrointestinal tract; thus we administered it orally (Al-Sereiti, 1999). Unconjugated RA remains in the bloodstream long enough to reach the brain (Fale et al., 2011) and it crosses the blood-brain barrier via transporters (Kuo and Rajesh, 2017). On the basis of the literary data, effect of RA has not been studied in combination with caloric restriction so far. We found that lipid peroxidation in blood serum increased after consumption of HFFD. The combination of pharmacological and non-pharmacological therapies caused a significant decrease in lipid peroxidation, but the values were still elevated compared to the original ones. A change in diet or RA alone did not cause a significant change. No change in lipid peroxidation was observed in the cortex. Matsuo and coauthors (1993) found that caloric restriction reduces the rate of accumulation of oxidatively damaged molecules and inhibits the increase in lipid peroxidation. It has been repeatedly reported that caloric restriction is capable of inducing mechanisms to protect against stress, especially those involved in the detoxification of reactive oxygen species (ROS) (Ristow and Schmeisser, 2014) . RA has the ability to penetrate lipid bilayer, which alters membrane fluidity and protects cell membrane against chain-breaking free radicals (Fadel et al., 2011) . We found out that total cholesterol levels were increased after HFFD. Thus caloric restriction in combination with changing HFFD to standard diet plus RA treatment caused a decrease in these levels. HDL-cholesterol levels decreased after the consumption of food rich in fat and fructose. Significant improvement in HDL-cholesterol levels was achieved by 3-week caloric restriction applied after HFFD. LDL-cholesterol levels increased after HFFD and decreased after caloric restriction and also in the combined HFFD5+3+RA group. LDL-cholesterol is now considered as MetS sign, and it is still the most common marker of cardiovascular diseases (CVD) risk and atherogenic dyslipidemia. The results of a clinical study by Al-Sarraj and co-workers (2009) showed a significant decrease in small LDL-cholesterol particles in individuals who consumed less calories, in particular less saccharides. Fat reduction in the diet has minimal effect on HDL-cholesterol but carbohydrate restriction had a significant effect (Al Sarraj et al., 2009 ). The mechanism that may be responsible for the improvement in the lipid profile after caloric restriction, especially carbohydrate restriction, is that high insulin suppresses lipolysis and increases de novo lipogenesis. Caloric limitation simultaneously leads to a decrease in the concentration of malonyl-coenzyme A and dis-inhibition of carnitine acyltransferase, which caused an increase in β-oxidation of fatty acids (Volek et al., 2009 ). Our results are in accordance with these results and also with the results of Govindaraj and Pillai (2015) , who reported elevated levels of free fatty acids, total cholesterol, and TAG in the rats with HFD. Rats fed with HFD have hypertriacylglycerolemia and hypercholesterolemia, the condition which is reversed after oral administration of RA. These results show the beneficial effects of RA in preventing metabolic complications. In our work, we anticipated an improvement in the electrophysiological responses of the hippocampus. In the electrophysiological response of the hippocampus, we observed that diet change alone caused a slight increase in the EPSP amplitude. No improvement in neurotransmission was observed in RA-treated group and in combination of non-pharmacological and pharmacological treatments. LTP retained only in the group with caloric restriction. Recently, it was shown that caloric restriction induces a neuroendocrine response such as an increase in neuropeptide Y (NPY) (Minor et al., 2009; Bi et al., 2003) . Activation of NPY receptors has neuroprotective effects in various regions of the brain and results in delayed neurodegenerative damage (Decressac and Barker, 2012) . In addition to NPY, the production of ghrelin, which has many physiological functions throughout the body and in the central nervous system, is also increasing by caloric restriction (Ferrini et al., 2009) . Ghrelin is also involved in memory and learning and has a neuroprotective effect in neurodegenerative diseases and in ischemic brain damage (Spencer et al., 2014) . Previous studies, as well as our work, suggest that cognitive decline occurs with MetS, which deepens over time. Among the factors connecting MetS with cognitive decline, the brain-derived neurotrophic factor (BDNF) in the hippocampus is reduced. After 28 day of caloric restriction, body weight, insulin and fasting glucose levels, adiponectin, systolic blood pressure, and oxidative stress in the hippocampus were significantly reduced and BDNF expression in the hippocampus was significantly higher (Kishi et al., 2015) . We assume that in mechanism of slightly improved response in the hippocampus on electrical stimulation induced by caloric restriction, an increase in BDNF expression and its ability to affect neurotransmitter release might be involved (Sasaki et al., 2013; Yan and Yan, 2006) . Concerning RA effect, it was reported that glutamate receptor-2 (GluR-2) is enhanced by RA treatment, which has an important impact on synaptic plasticity because GluR-2 has an effect on intracellular translocation and folding of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits (Cull-Candy et al., 2006) . RA also acts at the level of N-Methyld-aspartate (NMDA) receptors (Morris, 1989) . The reason or mechanism why RA did not act in our study on improvement of hippocampal neurotransmission as well as LTP is unclear. There is a possibility that administration of RA was not long enough or there was some underlying mechanism that inhibited passing of RA through blood-brain barrier in our experimental design. On the other hand, the best reduction of blood serum MDA level was achieved by the combination of RA treatment and caloric restriction. As a conclusion, we can assume that caloric restriction, RA acid treatment, and their combination could be promising in the management of MetS-related disorders; therefore, further detailed studies are needed.
